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and correct obtained strain, a new model, considering reinforcement effects on adhesive and measured 
object, is proposed in this study, which is verified to be accurate enough by the numerical method. 
Meanwhile, a theoretical strain correction factor is obtained, which is demonstrated to be significantly 
sensitive to recoating material and bonding length, as suggested by numerical and experimental results. It 
is also concluded that a short grating length as well as a thin but large-area (preferably covering the whole 
FBG) adhesive can enhance the correction precision. 
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Material and dimensional properties of surface-bonded FBGs can distort strain measurement, thereby lowering the 
measurement accuracy. To accurately assess measurement precision and correct obtained strain, a new model, 
considering reinforcement effects on adhesive and measured object, is proposed in this study, which is verified to 
be accurate enough by numerical method. Meanwhile, a theoretical strain correction factor is obtained, which is 
demonstrated to be significantly sensitive to recoating material and bonding length as suggested by numerical and 
experimental results. It is also concluded that short grating length as well as thin but large-area (preferably 
covering the whole FBG) adhesive can enhance the correction precision.  © 2017 Optical Society of America 
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1. INTRODUCTION 
In recent decades, FBG sensors have been widely used in various fields. 
For instance, they can be used in intelligent materials [1-4] and 
structural health monitoring [5] to measure physical variables 
including stress, strain, temperature, velocity, and vibration. Their wide 
application can be attributed to their advantages over general electrical 
sensors, because they are favored by their light weight, small size, 
strong durability, high sensitivity and good immunity to electrometric 
interference and corrosion. Generally, there are two ways for FBGs to 
get the variation of strain, either by being embedded in the measured 
object to measure interior strain [6, 7] or by being directly bonded on 
the measured surface [8]. FBG, as a surface-bonded strain sensor, is 
expected to be perfectly integrated with the matrix, so that the strain in 
FBG should be equal to that on the surface of the host object. However, 
as both the soft recoating and the adhesive can significantly influence 
the strain transfer from the matrix to the fiber core, the strain in FBG is 
different from that on the surface of the matrix. Furthermore, when the 
measured object is soft, the original strain field on its surface can also 
be altered by pasted components, the so-called local reinforcement 
effect [9]. As a result, the strain measurement error is generated. In 
other words, regarding the strain in FBG, which can be obtained from 
the FBG sensing interrogator directly, as the true strain of host object 
without any modification can result in underestimation, therefore, the 
evaluation of strain measurement accuracy and essential correction of 
the strain obtained should be taken in practical application, especially 
in the measurement that requires high accuracy. 
The accuracy and sensitivity of a directly bonded FBG strain sensor 
mainly depends on various specific factors of each surface-bonded FBG, 
including the bonding length [10], recoating and adhesive materials 
[11,12], packing method [13-15] and even position of the FBG relative 
to the adhesive center [16]. The problem, known as “strain transfer”, 
has been extensively studied for both embedded and surface-bonded 
FBGs [17-19]. Accordingly, measurement accuracy evaluation and 
error correction resulting from strain transfer can be implemented. 
However, unlike embedded FBG featured by centrosymmetric 
structure on the transverse surface, surface-bonded FBG is non-
centrosymmetric as the FBG is fixed on only one side of the component. 
Thus, the strain in the surface-bonded FBG is transferred only through 
partial adhesive, rather than the total as in the centrosymmetric model 
for embedded FBG. In this context, the strain field is no longer 
centrosymmetric, which enables it to be perfectly expressed by the 
shear-lag model of Cox [20]. A largely intractable problem occurs if the 
effect of FBG on the strain field within adhesive and the effect of 
adhesive on host components’ strains, referred to as “reinforcement 
effects” [21], could not be generalized exactly. The former one can be 
recognized as “global reinforcement effect”, as the cross-section of 
adhesive is not so big that the FBG perturbs the strain field within the 
whole adhesive [22]. Meanwhile, the latter one can be regarded as 
“local reinforcement effect”, because the measured objects are 
generally big enough. As a result, some additional assumptions for 
these two reinforcement effects should be made. As for the 
assumptions concerning adhesive structures, half-spindle liked 
adhesives (Fig. 1) have been simplified as a rectangle containing fibers 
[23], a rectangle below fibers [24], and a ring outside the fibers [25] 
respectively, for example, as shown in Fig. 2. Among them, the ring 
outside fibers enables the embedded FBG model to be easily quoted to 
represent the strain transfer process within surface-bonded FBG. 
Unfortunately, different assumptions concerning adhesive structures 
can reach different analytical solutions, because it is not easy to 
theoretically define the participating portion of the adhesive in the 
strain transfer [26]. The theoretical strain transfer coefficients obtained 
by these models may be not so exact, and errors can also come from 
negligence of the reinforcement effect on the adhesive. What’s more, 
when the host matrix is soft, the reinforcement effect on it can be 
significant enough to introduce sizable estimate deviation, which 
makes the strain transfer coefficient obtained fail to improve strain 
measurement accuracy of FBG. Nevertheless, these problems have 
been barely reported in the literatures. 
 




Fig. 2. Simplifications of adhesive in surface-bonded FBG model as 
rectangle containing FBG, rectangle below FBG and ring outside the 
FBG respectively. 
Taking the reinforcement effects on both adhesive and measured 
component into account, a new model for surface-bonded FBG is 
proposed in this paper. Through theoretical and numerical analysis, 
the model is demonstrated to be able to achieve a precise expression of 
the strain in FBG and a realistic strain correction factor, which is 
dominated by properties and dimensions of recoating and adhesive 
materials. The sensitivity of the factor, which reveals potential harms 
to accuracy, is analyzed, and corresponding suggestions to ensure its 
accuracy in practice are proposed. Finally, influences of bonding length 
and recoating material to the correction factor precision are evaluated 
by experiments. 
2. BASIC ASSUMPTIONS 
It is expected that the FBG should be bonded well and closely to the 
measured surface to achieve perfect strain transfer. In practice, 
following procedure for sticking FBG is employed to ensure the 
bonding quality: after being cleaned, the measured surface is coated 
with moderate epoxy, and then the FBG placed in the adhesive is 
closely bonded to the measured surface by tweezers; after that, the 
adhesive is pressed slightly with plastic film covering it; finally, it is 
solidified in room temperature for two days. By following this 
procedure, possible air bubble and gap can be eliminated, and thus 
good bond between FBG, epoxy and measured surface can be 
achieved. In this analysis, the adhesive simplification as rectangular 
which contains FBG, which resembles the shape of adhesive in Fig. 1, is 
employed, base on which, a new model is established to assess the 
strain measured by FBG, as shown in Fig. 3. The subscripts f, c, a and m 
present fiber core, protective recoating, adhesive layer and matrix, 
respectively; E, G, μ, r, ε, σ and τ are Young’s modulus, shear modulus, 
Poisson’s ratio, radius, axial strain, axial stress and shear stress, 
respectively; the parameters L, w, h0, hb and ht are half bonding length, 
adhesive width, total adhesive thickness, adhesive bottom thickness 
and adhesive top thickness, respectively. Based on assumptions of 
perfectly bonded interfaces, linear elasticity of all components’ 
behaviours and exclusive suffering of shear deformation [23-25], this 
model assumes the impacts of reinforcement effects and certain 
adhesive participating in the strain transfer as follows: 
 
Fig. 3. (a) Three-dimensional diagrammatic sketch of simplified 
adhesive layer. (b) Cross-section review of the improved analytical 
model for surface-bonded FBG. 
 
 
Fig. 4. (a) Stress distribution and infinitesimal element diagram in 
protective recoating. (b) Stress distribution and infinitesimal element 
diagram in adhesive layer. 
(1) Considering the two parts of stress transfer processes, namely 
the strain transfers through protective recoating and adhesive, an 
assumptive plane is supposed to exist within adhesive to be the link. 
The lower adhesive (Fig. 3 (b)) transfers stress, over whole width w, 
while the upper part deforms passively. The position of the 
assumptive plane is dependent on the location of FBG, and it is 
assumed to be in the geometrical center of the FBG in this model. 
(2) The structure of underlying adhesive is thought to be under 
the action of a pair of anti-plane shear stresses. One is on the 
assumptive plane from protective recoating, and the other is on the 
bottom surface from bonded component, as shown in Fig. 4. 
Considering local reinforcement effect, the former shear stress from 
protective recoating is modified by the factor π, which comes from 
the fact that the anti-plane shear stress distributed on the outside 
surface of cylindrical recoating with the perimeter of 2πrc is 
concentrated on the corresponding projected area on the 
assumptive plane with a width of only 2rc. 
(3) As measured objects are much larger than adhesive layer and 
FBG, considering global reinforcement effect, the bonded surface is 
considered to be homogeneous isotropic elastic semi space under 
the action of anti-plane shear stress from adhesive layer. 
3. STRAIN MEASUREMENT ACCURACY ANALYSIS OF 
SURFACE-BONDED FBG 
Strain measurement accuracy can be estimated by analytical strain 
transfer coefficient, and disturbances by temperature [27] are not 
discussed in this paper. During the strain transfer process in recoating, 
as shown in Fig. 4 (a), the shear stress inside recoating ( )rxτ ,c  can be 





































rxτ       (1) 
During the strain transfer process in adhesive, as shown in Fig. 4 (b), 
the shear stress within the underlying adhesive, considering local 
reinforcement effects, is a function of h: 
( )



























































The protective recoating, adhesive and fiber core together constitute 
the strain transfer medium, within which strains are continuous and 
on the same order of magnitude. As the strain gradient is equal, the 







































→    (4) 
Then Eqs. (1) and (2) can be converted to the following formulae 
respectively: 
( )































































By integral of shear strains in protective recoating and adhesive 
layer, the relationship between axial strain in fiber core ( )xεf  and that 
on the bottom surface of adhesive ( )xεa  is acquired: 
( )













−=−       (7) 
where α presents the numerical relation between the strain in FBG 
and that in adhesive, and it is a parameter that reflects influence of the 
shear-lag effect in a surface-bonded FBG, in which impacts of 
mechanical and geometrical properties of protective recoating and 
adhesive are involved. 
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As both the stress and strain transmissions on the free-end planes of 
the bonded fiber are equal to zero, the boundary condition is given by 
( ) ( ) 0
ff
=−= LεLε , and the relation between the strain in FBG, ( )xεf , 
and corresponding strain on bottom surface of adhesive, ( )xεa , can be 
further calculated and expressed as 
















xεxε      (9) 





















EwhErrπErπEA +−+= , representing the 
equivalent stiffness of the entirety comprising those of the adhesive, 
recoating and fiber core. 
Absolutely, the strain on the bonded area of measured object is the 
same as that on the bottom surface of adhesive, and it can be computed 
by subtracting the increment of strain generated by the anti-plane 
stress from the true strain mε , which is the unaffected strain when FBG 
has not been pasted. 
( )
( ) ( )
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There is a linear correlation between the strain on the bonded area 
and the true strain of measured object. The factor β is defined to 
express the reinforcement effect on pasted object, which is determined 
by all the components of the surface-bonded FBG: 
( )
( )






















+=  (13) 
As the axial strain within FBG, no matter inserted or surface-bonded, 
is unevenly distributed and what the FBG sensing interrogator 
identifies is the central wavelength of reflected spectrum, this paper 
regards the average strain within the heartland of FBG with the range 
of half its length as the equivalent strain, which can be calculated by the 
FBG sensing interrogator in practice. Then, the strain measured by 
FBG FBGε can be expressed as 





























    (14) 
The ratio of measured strain FBGε  to the true strain of measured 
object mε  is defined as the measured strain proportion FBGη to 











βη −=        (15) 
The strain correction factor can be obtained as 
( )












==     (16) 
The accuracy of strain correction factor k depends on the amount of 
reinforcements effects, which include the strain decrease on measured 
object (dramatically significant when the measured object is soft) and 
the strain distortion within adhesive layer, as clearly illustrated in the 
3D numerical model in Fig. 5. This model is established in software 
ANSYS Workbench based on the transverse contour of surface-bonded 
FBG in Fig. 1. Parameters employed are listed in Table 1. To ensure the 
symmetry from a practical point of view, FBG is typically positioned in 
the geometrical center of the adhesive layer, in both X and Y directions. 
The cloud pictures reveal the three-dimensional strain reduction 
within the pasted object, and display non-uniform non-
centrosymmetric strain distributions in adhesive layer and protective 
recoating. In addition, the FBG influences the strain field in the whole 
cross-section within adhesive, while the adhesive only disturbs the 
strain field near it.  
 
Table 1. Parameters Employed in Numerical Model 
a
 
Components E (MPa) μ r (mm) 2L (mm) 
Fiber core 7200 0.17 0.0625 24 
Recoating a  17 0.48 0.125 23 
Adhesive layer 4000 0.34 2 × 0.65 20 
Measured object 6000 0.3 - - 
a Values are given by the manufacturer of FBG employed in the 
section 5 and the measured object is as soft as polyimide. 
 
 In Fig. 6, the theoretical axial strain distributions within FBG are in 
good agreement with simulation results within the scope of the FBG. 
The theoretical strain within FBG in this paper is more close to 
simulation results than previous study by Wan et al. [25], which 
verifies higher precision of theoretical formulas and more realistic 
strain correction factor k in this paper. Moreover, the theoretical strain 
ratio on measured surface, factor β, is equal to the numerical one 
within the length of FBG, and it is clear that the reinforcement effect on 
measured surface is well expressed as well. 
 
Fig. 5. Strain field in the numerical model under the true strain of 
0.15% with top and bottom adhesive thicknesses of 0.2 mm. Strain 
disturbances caused by local reinforcement effects on measured object 
at vertical and longitudinal view and non-centrosymmetric strain fields 
within adhesive and protective recoating at the plane X=9.6 mm are 
also illustrated clearly. 
 
 
Fig. 6. Normalized strain distribution along the measured surface and 
within FBG obtained by numerical method (dotted line) and 
theoretical formulas (solid line) under the true strain of 0.15%. 
Theoretical solutions in this paper (with round dot) achieve higher 
accuracy than the contrast one [21] (with square). 
4. NUMERICAL INVESTIGATION FOR THE STRAIN 
CORRECTION FACTOR 
As can be seen in Eq. (16), the strain correction factor k is dominated 
by geometrical and mechanical parameters of all components of 
surface-bonded FBG. Both precise theoretical strain correction factor k 
and exactly measured characteristic parameters are crucial to achieve 
high correction accuracy. However measurement error is inevitable in 
practice so that it is essential to make sure that the sensitivity of k to 
these parameters can help reduce the debasement of correction 
accuracy by these errors. In this section, the numerical model 
proposed in Section 3 is employed, in which all the materials are 
assumed to be isotropic and linearly elastic. Adopted variables are as 
shown in Table 2, in which their original values and ranges are listed. 
Assuming the length of FBG as 10 mm, Figs. 7 to 10 display the factor k 
versus these primary influential parameters, in which the relative 
error (ratio of the difference between theoretical and numerical results 
to numerical results) is also graphed to indicate accuracy. 
 












Original values 2/20/50 20 2 0 0 
Ranges 2-300 10-50 0.3-5 0-1 0-1 
Apparently, variations of the strain correction factor k obtain by Eq. 
(16) are extremely similar to those obtained by simulation. 
Particularly, the strain correction factor k is significantly sensitive to 
Young’s modulus of protective recoating as well as bonding length, 
especially when they are small, as shown in Figs. 7 and 8. It means that 
a small measurement error in practice for these two parameters may 
greatly distort the value of k. Moreover, when these two parameters 
are small, the relative error, which is called systematic error, will be 
large as well. It is clear that strain correction precision is closely related 
to these critical parameters, namely recoating material properties and 
bonding length. As the bonding length is generally limited in practice, a 
certain bonding length (2L >15 mm) and a stiff protecting recoating (Ec 
> 20 MPa) are suggested to be employed to achieve a high accuracy in 
strain measurement and correction. 
 
 
Fig. 7. Evolution of theoretical strain factor k and its relative error with 
Young’s modulus of protective recoating for bonding lengths of 10, 20 
and 30 mm. 
 
 
Fig. 8. Evolution of theoretical strain factor k and its relative error with 
bonding length for the protective recoating’s Young’s modulus of 2, 20 
and 50 MPa. 
In contrast, the other geometric parameters of adhesive 
demonstrate less influence on the sensitivity of theoretical strain 
correction factor k and its accuracy, as shown in Figs. 9 and 10. Factor k 
and its relative error increase slightly with the width and thickness of 
the adhesive. Owing to the reinforcement effect, larger stiffness of 
adhesive generally induces more strain disturbances on the measured 
surface. Therefore, although Eq. (16) offers a high strain correction 
precision, a thin and slim adhesive is still suggested. What’s more, 
considering the rapidly increasing relative error of factor k by the 
bottom thickness of adhesive as shown in Fig. 10, FBG should cling to 
the measured surface with adhesive covered in practice, and the 
bonding procedure mentioned in Section 2 is recommended. 
 
 
Fig. 9. Factor k and its relative error versus width of adhesive for the 
protective recoating’s Young’s modulus of 2, 20 and 50 MPa. 
 
 
Fig. 10. Factor k and its relative error versus thickness of adhesive for 
the protective recoating’s Young’s modulus of 2, 20 and 50 MPa. 
Bottom thickness (left); top thickness (right). 
5. EXPERIMENTAL VALIDATION 
To validate the accuracy of factor k obtained by Eq. (16) as well as its 
sensitivity to dimensions of adhesive layer, two experiments are 
carried out, as shown in Fig. 11. FBGs are bonded axially onto the test 
specimens in uniaxial tests on the MTS Criterion TM Universal Testing 
System. These FBGs employed, are recoated with acrylate (Young’s 
Modulus of 17 MPa) with a 0.25-mm radius. Uniaxial tension tests are 
implemented in bolts in coal mine in experiment I, and uniaxial 
compression tests are conducted in sandstone specimens collected 
from underground mine in experiment II. Resistive strain gauges are 
also bonded in the same places for comparisons. In Experiment I, the 
surfaces of bolts are polished, on which two FBGs with different grating 
lengths are bonded to suffer tension; and in Experiment II, an FBG is 
pasted on the surface of sandstone specimen to bear compression. The 
optimized bonding procedure mentioned in Section 2 is followed, and 
samples are cured at room temperature for 2 days. The epoxy, named 
Ausbond EP05, is adopted, with the Young’s modulus of ~4 GPa 
(provided by manufacturer). Three FBGs without recoating are also 
employed as comparison in Experiment II. 
 
Fig. 11. Schematic diagrams of the two experiments. In this, SG is short 
for the strain gauge. 
Tables 3 and 4 show the values of strain correction factor obtained 
by experiments, recorded as ke, and that calculated by Eq. (16), 
recorded as kt, as well as their relative errors (δk) for various bonding 
lengths and adhesive widths. Apparently, results obtained by 
experiments are in good agreement with those in Section 4. First, factor 
k is demonstrated to decrease with the increase in bonding length, as 
shown in Fig. 8, indicating increasingly effective strain transfer. A 
smaller decrement of k is also showed as the bonding length increases. 
Similarly, relative errors of theoretical results also decrease with 
bonding length. Considering the high sensitivity to short bonding 
length, relative errors in experiments are much larger than those in 
simulation when the bonding length is less than 16 mm. But as the 
errors are below 3%, the theoretical factor k in this paper is proved to 
be accurate and workable to correct the measured strain by FBG 
surface installed by adhesive. 
 
Table 3. Strain Correction Factor k Attained by 
Experimental Measurement and Theoretical Prediction 
(Eq. 16) in Experiment I. Young’s Modulus of Tested 












10 16.01 3.01 1.3966  1.4368  2.874  
15 16.35 3.22 1.4061 1.4582  3.705 
I-2 
10 20.02 2.85 1.2519 1.2350  1.350 
15 20.11 3.05 1.2482 1.2538  0.449 
I-3 
10 23.23 3.15 1.1543  1.1494  0.425  
15 23.36 3.08 1.1480  1.1596  1.009  
I-4 
10 27.35 3.24 1.0978  1.0864  1.043  
15 27.68 3.57 1.0887  1.0894  0.065  
I-5 
10 31.40 3.09 1.0592  1.0514  0.736  
15 31.07 3.26 1.0636  1.0579  0.540  
 
Table 4. Strain Transfer Coefficients of FBGs Attained by 
Experimental Measurement and Theoretical Prediction 
(Eq. 16) in Experiment II. Young’s Modulus of Tested 









II-1 a 16.43 6.15 0.9878 1.0009  1.266  
II-2 16.32 6.33 1.3682  1.4163  3.521 
II-3 a 27.01 5.85 0.9839  1.0004  1.683  
II-4 27.68 4.92 1.0801  1.0839  0.348  
II-5 a 34.75 4.54 0.9963  1.0003  0.397 
II-6 35.03 4.47 1.0361  1.0333  0.265 
a The strain sensors employed were bare FBGs which are 
unrecoated, and their theoretical values are obtained considering rc as 
0.625 mm (rf).  
From another perspective, FBGs with long grating length deviate 
more in strain correction. Their spectra probably suffer degeneration 
like the FBG2 in Experiment II-2 in Fig. 12, reflected by insensitivity 
and widened bandwidth. With the strain increasing, serious mutation 
of the spectrum resulting from the large deformation can cause 
damage to the precision of strain correction. Furthermore, FBGs 
without recoating are of high accuracy and could sense almost the 
entire strain, only suffering little local reinforcement effect on the 
measured surface, shown in Table 4. They are not considered to be 
used as strain sensors because they are fragile and their thin glass 
cores without protective materials can be easily fractured. In fact, only 
FBGs with short grating length are suitable for point strain 




Fig. 12. (a) Strain curves and correction factor k measured in 
Experiment I-2 by FBGs. (b) Spectra of the FBGs at the strain in SG2 of 
2010 με.  
6. CONCLUSIONS 
In this study, the strain measurement accuracy and correction factor of 
FBG used as surface-bonded sensor are studied by proposing a new 
theoretical model. Taking the reinforcement effects into consideration, 
the model is demonstrated to be more accurate by numerical analysis. 
Sensitivity of the strain correction factor to five primary parameters is 
fully discussed, which suggests the short bonding length and soft 
recoating material to be the most critical two factors. These two factors 
are verified by experiment to lower the correction precision in practice 
due to possible dimension measurement errors. Accordingly, an FBG 
with short grating length as well as thin but large-area (preferably 
covering the whole FBG) adhesive is suggested to enhance the 
correction accuracy in practice. This study offers practical but precise 
correction for the surface-bonded FBG installed by adhesive to infer 
the true strain within the measured object. 
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